Abstract. In applications of shape memory alloys (SMAs) as actuators and vibration isolation devices, understanding of the nonlinear hysteretic response of SMAs is important. The thermomechanical response, especially the pseudoelastic behavior of Ni-Ti SMAs at various annealing temperatures is investigated. The 2-D numerical model of the SMAs is proposed to predict the thermomechanical behaviors of SMA thin film. The methodology to attenuate vibrations of a host structure by using an SMA film is numerically demonstrated. For the damping enhancement, the structure with SMA films bonded onto it is numerically modeled and the effectiveness of SMA on passive vibration isolation is investigated.
Introduction
Increased demands for improving the structural performance with smart materials have produced adaptive structures which include the ability to sense, diagnose, and actuate. Smart materials have the ability to change stiffness, shape, natural frequency, damping, and other mechanical characteristics in response to change in temperature, electric field, or magnetic field. One of the most common smart materials, shape memory alloys (SMAs) have shown significant advantages in the area of structural response control [1] , structural shape control [2] , and damping enhancement [3] . Especially, pseudoelastic behaviors of SMAs are very attractive for passive vibration isolation due to their ability to sustain and retrieve large amount for strain, dissipate high levels of energy and provide a restoring force to the system. So, SMAs have been increasingly applied in the passive vibration isolation of the host structure.
In this research, the thermomechanical behavior of SMAs especially pseudoelasticity is experimentally and numerically investigated for the application of SMA as vibration isolation devices. A numerical algorithm of the 2-D SMA model is proposed to predict the thermomechanical behaviors of SMAs. The effect of annealing temperature on pseudoelastic behavior of Ni-Ti SMAs is observed. A differential scanning calorimeter (DSC) is applied to characterize the temperature-induced transformation. To understand damping characteristics of SMA film, the nonlinear hysteresis of load-displacement curve when it is subjected to bending load in the austenite finish temperature is characterized. For the damping enhancement, the structure with SMA films bonded onto it is numerically modeled and the effectiveness of SMA films on passive vibration isolation is investigated.
Numerical model of SMA films
For the numerical analysis, the 2-D incremental formulation of the SMA constitutive model is proposed to predict the thermomechanical responses of SMA films. For 2-D problems, the general expressions derived in Lagoudas model [4] have to be modified. The model consists of three sets of equations: i) the constitutive equation, ii) the transformation equation, and iii) the transformation surface equation. The constitutive equation can be expressed by describing the increment of strain,ε ij , in terms of the increments of stress,σ ij , temperature,Ṫ , and martensite fraction,ξ, i.e.,
where
ijkl is the elastic compliance matrix, α ij is the thermal expansion coefficient vector. The stress, strain, thermal expansion, and compliance matrix can be expressed in the condition of plane stress.
The other term in Eq. (1) is defined by,
Here, the prefix ∆ in Eq. (3) indicates the difference of a quantity between the martensite and austenite phases as follows:
The superscript A stands for austenite phase, and superscript M stands for the martensite phase. Λ ij is the transformation strain direction and is assumed to have the following form:
where H is the maximum uniaxial transformation strain, ε t−r is the transformation strain at the reversal of phase transformation, and
The transformation equation relates the increment of martensite fraction to transformation strain,ε t , aṡ
and the transformation surface equation, which controls the start of the forward and reverse phase transformation is given as
where π is the thermodynamic force conjugated to ξ. Also, ρ, c, s o , and u o are the mass density, specific heat, specific entropy, specific internal energy at the reference state, respectively. The plus sign on the right hand side in Eq. (8) should be used for the forward phase transformation (austenite to martensite), while the minus sign should be used for the reverse transformation (martensite to austenite). Note that the material constant Y * is the measure of internal dissipation due to phase transformation and can be interpreted as the threshold value of the transformation surface π for the start of the phase transformation. The transformation function can be defined in terms of the transformation surface equation as follows:
The transformation function Φ takes a similar role to the yield function in plasticity theory, but in this case, an additional constraint for martensite fraction ξ must also be satisfied. Constraints on the evolution of the martensite fraction are expressed as,
The inequality constraints on Φ (σ, T, ξ) is called as the transformation condition and regarded as a constraint on the state variables' admissibility. For Φ < 0, Eq. (10) requiresξ = 0 and elastic response is obtained. On the other hand, the forward-phase transformation (austensite to martensite) is characterized by Φ = 0 andξ > 0, while the reverse-phase transformation (martensite to austenite) is characterized by Φ = 0 andξ < 0.
In the numerical implementing of the SMA constitutive model, the tangent stiffness and the stress at each integration point of all elements should be updated in each iteration for given increments of strain and temperature. The relationship between stress increments and strain and temperature increments can be expressed by,
where the tangent stiffness L ijkl and tangent thermal moduli l ij are defined by,
To calculate the increment of stress for given strain and temperature increments, Newton-Raphson iteration method has been used. For the numerical results of the SMAs, the ABAQUS finite element program has been utilized with user material (UMAT) subroutine. A numerical algorithm of SMA constitutive equation for the UMAT subroutine is illustrated in Fig. 1 . For verification of the numerical algorithm of SMA film, the numerical results of thermomechanical behaviors of SMA thin film are compared with experimental results of Lexcellent et al. [5] . The dimension of the SMA thin film specimen is 1 mm (width) × 5 mm (length) × 0.006 mm (thickness). For the numerical model of SMA, 10 × 4 membrane elements (M3D4) supported by ABAQUS are used. 
Thermomechanical properties of SMA thin film measured by experiment are shown in Table 1 [5] .
The critical stresses and the stress influence coefficients (dσ/dT ) M and (dσ/dT ) A of the SMA thin film are different for forward and reverse phase transformation. However, Lagoudas [4] just derived the equation and simulate in case of (dσ/dT ) M = (dσ/dT ) A . So, new strain hardening parameters are proposed in this research. The effective specific entropy difference is suggested differently in case of forward and reverse phase transformation as follows:
Based on the Eq. (13), transformation strain hardening material constants can be derived such as follows:
Also, the measure of internal dissipation due to phase transformation, Y * , can be induced.
The simple uniaxial stress-strain curves with various temperatures are investigated and the results are compared with experimental results. In Fig. 2 , there are very good agreements between numerical and experimental results. However, some discrepancy is shown in Fig. 2(b) . The thickness of the SMA thin film is very thin (0.006 mm) and the stress-strain curves of SMA thin film show the high nonlinearity with respect to the difference of environmental temperature from Fig. 2 . Therefore, it is expected that the discrepancy between experiment and simulation in Fig. 2 (b) should be due to the error in calculation of the strain based on the experimental measurement of uniaxial displacement and the high nonlinearity of stress-strain curve with respect to environmental temperature.
Pseudoelastic behaviors of Ni-Ti SMAs

Experimental details
In order to characterize the pseudoelasticity of Ni-Ti SMAs, experimental measurements are carried out on Ni-55.32 at.% Ti SMA ribbon, manufactured by Special Metals Corporation, USA [6] . The dimension of the Ni-Ti SMA specimen is 7 mm (width) × 150 mm (length) × 0.25 mm (thickness). Annealing temperature is an important factor affecting the thermomechanical behavior of Ni-Ti SMAs. The effect of annealing on shape memory and pseudoelastic behaviors of Ni-Ti SMAs has been reported [7] . So, with various temperatures of 673 K, 773 K, and 873 K, the specimens of Ni-Ti SMA ribbon are annealed in an electric muffle furnace for 30min, and air cooled to room temperature. To characterize the temperature-induced transformation, Differential Scanning Calorimeter (DSC, 204 F1 Phoenix is used (Fig. 3) . The evolution of phase transformation temperatures with respect to various annealing temperatures is observed. Figure 4 shows the heat flow curves of the Ni-Ti SMA ribbon using DSC. Figure 4(a) shows the DSC curve of the specimen annealed at 673 K, where a two-step transformation occurred during cooling. The transformation product of the first exothermic peak at higher tempera- tures is a R-phase which has the rhombohedral crystal structure, while that of the second exothermic peak at lower temperatures is released to the transition to a martensite phase. The endothermic peak during heating is due to the transformation from martensite to austenite. From Fig. 4 , by increasing the annealing temperature, the temperature range of R-phase transformation is narrowed. Especially, when the annealing temperature is 873 K, only one exothermic peak can be found during cooling so R-phase disappeared and austenite transforms into martensite directly, and vice versa, as shown in Fig. 4(c) . The results of transformation temperatures of the Ni-Ti SMA ribbon with different annealing temperatures are presented in Table 2 .
Isothermal tensile tests of Ni-Ti SMA ribbon are performed by using the INSTRON universal testing machine 5583 and INSTRON SFL thermal chamber for loading and unloading test at various temperatures (Fig. 5) . To measure the strain, 45 mm gauge length of the extensometer is used. The strain rate during the loading and unloading process is 0.1% strain/min. Figure 6 shows the effect of annealing temperature on pseudoelastic behaviors. In shape memory alloys, pseudoelasticity transformation should generally appear above the austenite finish temperature range. However, when annealing temperature is 773 K, the Ni-Ti SMA ribbon shows that pseudoelasticity is incomplete and permanent elongation is remained. In case of 873 K, stress and strain curve shows more similar pattern with that of general plasticity.
The shape memory alloys of Ni contents exceeding 50.5% are sensitive to heat treatment at temperature between 573 K and 773 K due to the resulting precipitation of Ni-Ti those of the alloys. So, when fully annealed, SMA behaves pseudoelastically only partially [8] . In this SMA specimen of which Ni content is 55.32%, it is found that pseudoelastic behavior takes place only partially when this Ni-Ti SMA ribbon is annealed at 773 K which is considered as a nearly fully annealed temperature. Also, it is expected that recrystallization process take place when annealed at 873 K, because the behaviors of SMA show a different mechanism with general SMA's.
Simulation
As mentioned in Section 3.1, for the specimens annealed at 873 K, which is the critical recrystallization temperature, stress-strain curve shows different mechanism with the unique behavior of SMAs. In case of annealing temperature of 773 K, pseudoelastic behavior of SMA only occurs partially. So, the results of specimens annealed at 673 K are considered as the simulation model. The parameters needed to simulate the thermomechanical behaviors of Ni-Ti SMA ribbon are determined based on the experimental results. These constants are involved in the transformation functions and thus are directly linked to the thermodynamic energy equation. All these constants are calculated by experimental data fitting. They are chosen on the basis of minimizing of the area between experimental and simulated results. The stress-strain curve of Ni-Ti SMA ribbon shows R-phase transformation and permanent elongation due to slip deformation. To simulate such extraordinary behavior of SMAs, new parameters are introduced, H P and H R which are permanent elongation strain and R-phase intermediate transformation strain, respectively. The parameters of H P and H R as well as H, maximum residual strain, can be measured from Fig. 7(a) . Also, Young's modulus of austenite and martensite can be obtained from Fig. 7(b) . The critical stresses, which induce phase transformation, are increased as the temperature increases. The stress influence coefficients are defined as the slopes of the lines representing the dependence of the critical stresses on the temperature of the specimen. The critical stresses and the stress influence coefficients (dσ/dT ) M , (dσ/dT ) A , and (dσ/dT ) R of the Ni-Ti SMA ribbon are presented in Fig. 8 . The effect of R-phase transformation and permanent elongation can be considered as the thermodynamic energy to determine the unique characteristic of the Ni-Ti SMA ribbon. The effective specific entropy difference is introduced such as follows:
Based on the Eq. (16), transformation strain hardening material constants can be derived such as follows: where, σ R c is the critical stress of R-phase transformation and can be measured from Fig. 8 . Also, the measure of internal dissipation due to phase transformation, Y * , can be derived.
One pseudoelastic curve at one temperature gives the critical stress for forward and reverse phase transformations as well as R-phase transformation. Transformation strains H, H P , and H R are also measured on the stress-strain curves. These values and the transformation temperatures, M os and A os , as well as R os are enough to obtain the thermodynamical parameters in Eqs (16-18); i) the effective specific entropy difference, ii) transformation strain hardening material constants, iii) internal dissipation due to phase transformation. Therefore, stress-strain curves in various temperatures and phase transformation temperatures are enough to obtain the phenomenological material constants, and the result is shown in Table 3 .
Stress-strain curves at various temperatures are calculated by the modeling. As can be seen from Fig. 9 , the fitting between the calculated and experimental results is fairly good.
Damping characteristics of SMA film
The damping characteristic of SMA film is investigated. Figure 10 shows the hysteresis of loaddisplacement curve when SMA is subjected to bending load in the temperature of austenite finish, A of . The dimension of the SMA film specimen is 20 mm (width) × 100 mm (length) × 1 mm (thickness). Thermomechanical properties of SMA film are shown in Table 1 . The large hysteretic loop shown in Fig. 10 pass through closer zero. Since its area is equivalent to the amount of energy dissipation due to the internal friction between the austenite and martensite phases, SMAs should be applied effectively as passive damping devices. The variation of martensite fraction is illustrated in Fig. 11 . The value of martensite fraction is increased due to stress-induced martensitic phase transformation and returns to the initial complete austenite state during loading and unloading cycles.
Passive vibration isolation using SMA film
For the passive damping enhancement, the structure with SMA films bonded onto it is investigated (Fig. 12) . The Young's modulus, Poisson's ratio and density of the aluminum are given as E = 69 GPa, ν = 0.33, and ρ = 2700 kg/m 3 , respectively. The material properties of SMA film are used from Table 1 . The dynamic response of the structure is investigated when external pressure F (t) = − 800000 · sin (2 π· 800t) is applied and all edges of the structure are clamped. The vibration response of the structure with SMA film is compared with that of the reference structure where only the damping effect of SMAs is ignored. It is assumed that the temporal temperature change of an SMA film due to dynamic loading isn't considered in this research. The nondimensional amplitude of vibration, where the center deflection (D) is divided by the length of x-direction (Lx), is attenuated comparing to the structure without SMA damping effect from Fig. 13 . Moreover, the Von Misses stress at center is effectively reduced by using SMA thin film (Fig. 14) . Figure 15 shows the distribution of martensite fraction when maximum deflection is reached due to external loading. The variation of martensite fraction provides the energy dissipation due to the internal friction between the austenite and martensite phase to attenuate vibrations of the structure.
Conclusion
The thermomechanical behavior of SMAs especially pseudoelasticity is experimentally and numerically investigated for the application of SMA as vibration isolation devices. The effect of annealing temperature on pseudoelastic behavior of Ni-Ti SMAs is investigated. The numerical model of the 2-D SMAs is proposed to predict the thermomechanical behaviors of SMA thin film. To understand damping characteristics of SMA film, the nonlinear hysteresis of deformation is characterized. For the damping enhancement, the structure with SMA films bonded onto it is numerically modeled and the effectiveness of SMA on passive vibration isolation is investigated. Based on the experimental results, it can be concluded that the annealing temperature has affected the pseudoelastic behavior of Ni-Ti SMA. The rhombohedral phase (R-phase) transformation occurs in the specimen of Ni-Ti SMA ribbon. Also, the permanent elongation and partial pseudoelatic behaviors are observed depending on annealing temperatures. New parameters of transformation function, which considers the R-phase transformation as well as permanent elongation, are introduced to describe unique behaviors of this SMA ribbon and the good prediction of the thermomechanical behaviors of Ni-Ti SMA ribbon is presented. The numerical model of the structure with SMA films bonded onto it is considered for the passive vibration isolation. The vibration damping device using SMA film can be effectively applied to attenuate vibrations of a host structure by providing additional energy dissipation due to the pseudoelatic hysteresis. But the energy dissipation (damping) characteristics of SMAs are very complicated phenomena and should be function of several factors, such as loading/unloading rates, amplitude and frequency of the loading and temperature. Therefore, more improved numerical model of SMAs is necessary to effectively evaluate the damping characteristics of SMAs.
